Exposure of 10-d-old spinach (Spinacea oleracea L.) plants to excess (500 µM) concentrations of Co, Ni, Cu, Zn and Cd in sand culture inhibited growth, induced toxicity symptoms, oxidative damage and changes in the antioxidant defense system. The severity of the metal-induced effects varied with the metals and the duration of exposure to excess supply of the metals. Each metal induced chlorosis. In addition, excess Co, Ni and Cd also produced metal specific toxic effects. Excess supply of each metal caused lipid peroxidation (TBARS). Their effectiveness in producing oxidative damage was in the order: Ni > Co > Cd > Cu >Zn. Of all the metals, Ni was also most effective in lowering the concentration of the chloroplast pigments (Chl, Car). While each metal increased the concentration of ascorbate and activated the key enzymes of the ascorbate-glutathione cycle, excess Cd and Zn were more effective in this regard. Each metal increased the activity of SOD and POD and decreased the activity of CAT. Enhancement in SOD activity and inhibition of CAT activity suggested high build-up of H 2 O 2 , possibly the main cause of oxidative stress, induced in response to excess supply of the heavy metals.
introDUction
Increasing environmental pollution caused by heavy metals, released by industrial and agricultural activities, is a major problem in the world (Prasad, 2004) . Plants grown on soils with parent material rich in heavy metals or polluted by industrial effluents are known to absorb heavy metals in quantities that may be toxic to plant growth and metabolism (Alloway, 1990; Prasad, 2004) . Excess of heavy metals cause phytotoxic effects in several ways, one of these being the excessive production of reactive oxygen species (ROS) which disturb the cellular redox environment causing oxidative stress (Erdei et al., 2002; Shaw et al., 2004; Nada et al., 2007) . While it is well established that the ROS are a major factor contributing to heavy metal toxicity (Gratão et al., 2005) , there is little information on their comparative effectiveness in producing the toxic effects involving oxidative damage and effect on the antioxidant system. This study explores the differences in the effectiveness of heavy metals (Co, Ni, Cu, Zn, Cd) at equimolar (500 µM) concentrations in causing oxidative damage and modulating activities of the antioxidative enzymes, superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), non-specific peroxidases (POD; EC 1.11.1.7), ascorbate peroxidase (APX; EC 1.11.1.11) and glutathione reductase (GR; EC 1.6.4.2) in leaves of spinach (Spinacea oleracea L.) grown in sand culture. To our knowledge this is the first study comparing the relative oxidative damage and the antioxidant responses evoked by equimolar concentrations of Co, Ni, Cu, Zn and Cd.
Materials anD MethoDs
Plant material: Spinach (Spinacia oleracea L.) was grown in sand culture under greenhouse conditions (Sharma, 1996) . During the period of the study maximum light intensity PFFD at 1200 h ranged between 900 to 1050 µmol m -2 s -1 . The temperature during the 24 h period ranged between 18 to 22 o C (maximum) and 8.5 to 12 o C (minimum), and the RH (9:30 A.M.) between 60% to 78%. Average day length was around 10.30±0:20 h. Plants were raised in 5 L polyethylene pots. Each pot was provided with a central drainage hole, covered with an inverted watch glass with glass wool under the rim to allow free drainage of nutrient solution. All pots were supplied 1 L of full nutrient solution (control), containing 4 mM Ca(NO 3 ) 2 , 4 mM KNO 3 , 2 mM MgSO 4 , 1.33 mM NaH 2 PO 4 , 0.33 mM H 3 BO 3 , 0.1 mM Fe-EDTA, 10 µM MnSO 4, 1 µM ZnSO 4, 1 µM CuSO 4, 0.1 µM Na 2 MoO 4 , 0.1 mM NaCl, 0.1 µM CoSO 4 and 0.1 µM NiSO 4 daily at 1800 h except for weekends when pots were flushed with glass-distilled water (GDW) to avoid accumulation of nutrients. After 20 d of complete nutrient supply, pots were separated into 6 lots of 3 pots each and the number of plants in each pot was reduced to 6. The 1 st lot of pots was maintained as such (control). Biomass, metal concentration: Plants were uprooted from the sand, causing minimum damage to the roots, washed thoroughly with deionised water, blotted dry, separated into leaves, stems and roots, chopped into small pieces and oven dried in an electric oven at 80 o C for 48 h. After dry weight determination, the oven-dried samples were ground and 1.0 g samples were digested with a mixture of HNO 3 and HClO 4 (10:1 v/v). The digests were used for determining the concentration of Co, Ni, Cu, Zn and Cd by atomic absorption spectrophotometry (Perkin Elmer A Analyst 300).
Plant pigments:
Measurements for concentration of chlorophyll and carotenoids were made in the first fully expanded leaf. Fresh leaf tissue was extracted in 80% acetone and the extracts were measured for chlorophylls (a, b) at 645 and 663 nm and for carotenoids at 480 and 510 nm by a Perkin Elmer Lambda Bio 20 UV/VIS Spectrophotometer (Lichtenthaler, 1987) .
Ascorbate: Ascorbate (Asc) was extracted by grinding fresh leaf tissue in 10% trichloroacetic acid (Law et al., 1983 Lipid peroxidation: To determine the lipid peroxide concentration, fresh leaf material was extracted in 1% trichloroacetic acid. The supernatant (after centrifugation at 10,000g for 10 min.) was treated with 0.5% thiobarbituric acid (TBA) in 20% TCA and the mixture was incubated in a boiling water-bath for 30 min. The thiobarbituric acid reactive substances (TBARS) thus formed were measured spectrophotometrically at 532 nm after adjusting for nonspecific absorbance at 600 nm (Heath and Packer, 1968) .
Enzyme activities: For assay of SOD and GR, fresh leaf tissue was ground in potassium phosphate buffer (50 mM, pH 7.0), containing EDTA (1 mM) and PVP (2%) at 4 0 C. The extracts were centrifuged at 15,000 g for 10 min and the supernatant was assayed for the enzyme activities. SOD was assayed by monitoring the inhibition of nitroblue tetrazolium (Beauchamp and Fridovich, 1971) . The difference after inhibition of the enzyme activity with KCN (3 mM) was taken as the measure of Cu/Zn SOD activity. For determining APX activity, 1 mM ascorbate was added to the above grinding mixture. The enzyme was assayed by monitoring the oxidation of ascorbate by following the decrease in absorbance at 290 nm per min. The reaction mixture contained 50 mM potassium phosphate buffer pH 7.0, 0.5 mM ascorbate, 1 mM EDTA, and 0.1 mM hydrogen peroxide and a suitable volume of enzyme extract (Nakano and Asada, 1981) . Assay for GR (Jablonski and Anderson, 1978) was carried out in a reaction mixture containing 100 mM phosphate buffer pH 7.5, 1 mM oxidized glutathione, 1 mM EDTA, 0.1 mM NADPH and 50 µl of enzyme extract. The oxidation of NADPH was followed by monitoring the decrease in absorbance per min at 340 nm.
Activities of CAT and POD were assayed in fresh leaf tissue extracts. The leaf tissue was homogenized in a ratio of 1:10 in ice-cold glass-distilled water with a cold mortar and pestle at 4 o C. The activity of CAT and POD was assayed by a modification of the method described by Pandey and Sharma (2002) . The reaction mixture for CAT contained 0.5 mmol hydrogen peroxide, 0.01 mmol potassium phosphate buffer (pH 7.0) and 1 ml of suitably diluted enzyme extract in a final volume of 10 ml. After incubation at 25 o C for 5 min, the reaction was stopped with 5 ml 2 N H 2 SO 4 . Corresponding blanks were run simultaneously, in which H 2 SO 4 was added prior to the enzyme extract. The mixture was titrated against 0.1 N KMnO 4 and the amount of H 2 O 2 decomposed was calculated. The reaction mixture for POD contained 0.5 mmol phosphate buffer pH 6.0, 0.01% (v/v) H 2 O 2 , 5 mg p-phenylenediamine-HCl and the enzyme extract in a final volume of 8 ml. The reaction was maintained at 25 o C for 5 min and was stopped with 2 ml of 2 N H 2 SO 4 . Blanks were run simultaneously. Enzyme activity was measured spectrophotometrically as Δ OD at 485 nm. Soluble protein in the enzyme extracts was measured by the method of Bradford (1976) using bovine serum albumin (Sigma) as standard. All enzyme activities are expressed on mg -1 protein basis.
Statistical analysis: All measurements were made on samples drawn in triplicate and the data were statistically analyzed (ANOVA) for significance (LSD at P=0.05).
resUlts
Growth, visible symptoms: Excess (500 µM) supply of each of the metals Co, Ni, Cu, Zn and Cd for 8 days inhibited growth and induced visible symptoms. However, the time taken for the initial appearance of the symptoms and the rapidity with which they intensified varied from metal to metal. Excess supply of each metal produced chlorosis of young leaves but chlorosis appeared first in plants exposed to excess Ni (3 rd d) and last (7 th d) in plants exposed to excess Zn. Severity of chlorosis increased with time of exposure to the metal treatment in the case of Co, Ni, Cu and Cd but not for Zn. Excess Co, Ni and Cd also produced other symptoms specific to these metals (Table 1) . The effect of excess supply of heavy metals on growth was reflected in shoot and root dry matter yield (Table 2 ). On d 5 and d 8, growth inhibition of the top parts of plants as well as total dry matter production was in the order Ni>Co>Cd>Cu>Zn (Table 2 ). Both at d 5 and d 8, root dry matter production was inhibited in the order Co>Ni>Cd>Cu>Zn. (Table 3) . Cadmium showed much higher concentration in roots than leaves. The leaf and root concentration of the other metals did not differ markedly. TBARS: Excess (500 µM) supply of each of the five metals led to increased accumulation of TBARS but the magnitudes of their accumulation differed from metal to metal. On d 5, excess supply of Co, Ni and Cd caused significant increase in TBARS. By d 8, marked increase in TBARS was observed in response to excess supply of each of the metals, but the magnitude of TBARS accumulation in response to Co, Ni and Cd was more than in response to Cu or Zn ( Figure 1A ). Both at d 5 and d 8, maximum content of TBARS was found in plants exposed to excess Ni.
Chlorophyll, carotenoids:
Excess supply of each of the metals caused a decrease in the concentration of Chl and Car ( Figure 1B, C) . The decrease in both Chl and Car became greater with time of plant exposure to excess supply of the metals. In general, Co and Ni were more effective in decreasing Chl and Car concentrations than Cd, Cu or Zn.
Ascorbate: Excess metal effects on ascorbate (Asc) differed with the metals and the duration of exposure to the excess metal supply. Exposure to excess Cu and Zn for 5 d caused a severe decrease in Asc content, but continued (8 d) exposure to these metals led to total reversal of the effect ( Figure 1D (Figure 2A ). The increase in SOD activity in response to excess Co, Ni and Cd was particularly marked. On d 8, total SOD activity leveled down to that of control values in the case of Co and Ni, but for Cd it still remained significantly higher than the control. At this stage, the increase in total SOD activity due to excess supply of Cu and Zn also became marked. Activity of Cu-Zn SOD followed a similar trend ( Figure 2B ).
Excess supply of Co, Ni, Cu and Cd caused a significant decrease in catalase activity, with little difference in the severity of the effect on d 5 and d 8 ( Figure 2C ). Excess Zn did not lead to any significant change in CAT activity on d 5, but inhibited it on d 8.
The activity of non-specific POD increased by excess supply of each of the metals ( Figure 2D ). The Co and Cd were more effective in enhancing the activity of POD than Ni, Cu and Zn. In general, the duration of exposure to excess metal supply (5 or 8d) did not make much difference to the severity of the excess metal effects on POD activity.
The effect of plant exposure to excess supply of the metals on APX activity was similar to that on POD, except that the increase in APX activity on exposure to excess Cd was more than two-and-a-half times that of the control at d 5 ( Figure 2E) . Plant exposure to 500 µM Zn increased APX activity more than two times the control. The APX activity at 500 µM Ni increased marginally at d 5 but failed to show any increase at d 8.
Excess supply of each of the metals Co, Ni, Cu, Zn and Cd caused a marked and significant increase in GR activity ( Figure 2F ). Five days exposure to excess Co, Ni, Zn and Cd increased it to more than double that in control plants. Increase in GR activity in response to excess Co (248%) and Cd (277%) was particularly marked. Except in plants supplied excess Cu, longer (8 d) duration of exposure to each of the metals Co, Ni, Zn and Cd caused partial reversal of the effect but activity still remained significantly higher than in control plants with the lowest activity being observed in plants receiving excess Ni (Figure 2 F) . 
DiscUssion
Exposure of plants to excess (500 µM) supply of the heavy metals -Co, Ni, Cu, Zn and Cd inhibited growth, induced visible symptoms and caused enhanced accumulation of TBARS. The exposure to heavy metal stress caused significant reduction in biomass accumulation both at d 5 and d 8 to a varying extent and reflected the plant's sensitivity and the cumulative effects of damage due to inhibited physiological functions. The decrease in biomass under heavy metal stress has been reported earlier (Krovaćević et al., 1999; Pandey and Sharma, 2002) . The increase in metal accumulation in different plant parts and its increase with longer exposure is in accordance with Pandey and Sharma (2002) and Erdei et al. (2002) . The higher accumulation of metals in roots than leaves and stem as recorded in the case of Cd stress was probably due to its rapid absorption by the roots and its slow translocation to shoot (Nada et al., 2007) .
Heavy metal exposure caused a decrease in Chl and Car contents of the test plant both at d 5 and d 8. The decreased concentration of the chloroplastic pigments may be an outcome of reduced synthesis and/or enhanced oxidative degradation of these pigments by the imposed oxidative stress. Chlorosis is one of the most common symptoms of heavy metal toxicity (Myśliwa-Kurdziel et al., 2002) . Interference of heavy metals with normal iron metabolism is known to induce physiological iron deficiency which is expressed in the form of chlorosis due to decreased concentration of chloroplastic pigments. Excess of divalent cationic heavy metals compete with iron for uptake (Pandey and Sharma, 2002) by binding with biomolecules of which iron is a constituent. Noriega et al. (2007) recently reported that Cd caused inhibition of ALA dehydratase, an enzyme catalyzing the rate-limiting step of the pathway of haem and chlorophyll synthesis from its precursor ALA. Reduced Chl concentration due to toxicity of heavy metals in different plant species has been well documented for Co (Pandey and Sharma, 2002) , Ni (Pandey and Pathak, 2006) , Cu (Lombardi and Sebastiani, 2005) , Zn (Pathak et al., 2005) , and Cd (Nada et al., 2007) . Th higher decrease in Chl concentration in plants treated with excess Ni followed by excess Co and Cd is in agreement with our earlier reports for cabbage (Pandey and Sharma, 2002) . The lower decrease in Chl by excess Cd relative to excess Ni and Co has been attributed to a comparatively low inhibition of Fe uptake by Cd relative to Ni and Co (Pandey and Sharma, 2002) . The Car are known to be potent quenchers of ROS, particularly singlet oxygen species. As the Car protect chlorophyll from photo-oxidative destruction (Middleton and Teramura, 1993) , a differential reduction in Car under excess of different heavy metals might be a reason for the differential decrease in chlorophyll being greater in Ni-starved plants.
The measurement of MDA, a product of lipid peroxidation, is routinely used as an index of lipid peroxidation under stress conditions. That toxicity of heavy metals contributes to enhanced generation of ROS, causing peroxidative damage to membrane lipids, has been reported earlier in the case of Co (Li et al., 2005) , Ni (Rao and Sresty, 2000; Pandey and Pathak, 2006) , Cu Lombardi and Sebastiani et al., 2005) , Zn Rao and Sresty, 2000) and Cd Dey et al., 2007) . Most of these studies involved excess supply of only one or two metals. In the present study, we compared the effectiveness of an equimolar (500 µM) supply of Co, Ni, Cu, Zn and Cd in causing lipid peroxidation and inducing changes in antioxidants and antioxidative enzymes. As with the intensity of visible toxicity effects and decrease in dry matter yield, the effectiveness in causing lipid peroxidation was in the order: Ni>Co>Cd>Cu>Zn.
Of the antioxidants found in plants, Asc is the most abundant and has diverse physiological roles. In addition to being a substrate for APX it directly scavenges singlet oxygen, superoxide and hydroxyl radicals (Noctor, 2006) . Enhanced concentration of Asc under excess supply of Co, Ni, Cu, Zn and Cd indicated the involvement of Asc in the antioxidant response of this plant and is in consonance with earlier reports (Pathak et al., 2005; Gonçalves, 2007) . Ascorbate peroxidase is a key enzyme of the glutathione-ascorbate pathway and eliminates peroxides by converting ascorbic acid to dehydroascorbate (Asada, 1992; Foyer and Noctor, 2005) . The increase in the Asc pool along with the increase in activity of APX, indicates that de novo synthesis of Asc was enhanced under heavy metal stress.
Excess supply of each of the metals led to increased accumulation of Asc, associated with increased activities of APX and GR. This shows that, as in case of other abiotic stresses (Foyer and Noctor, 2005) , heavy metal-induced oxidative stress also triggers the ascorbate-glutathione cycle for detoxification of hydrogen peroxide which could be a common strategy for counteracting the over-production of the ROS. However, the present study showed that in spite of the activation of the ascorbate-glutathione cycle, the antioxidant defense could still be rendered inadequate because of heavy metalinduced alterations in the activities of the other enzymes of the antioxidant defense viz. SOD and CAT. The oxidative damage in the heavy metal-stressed spinach plants could be due to accumulation of H 2 O 2 as a consequence of enhanced activity of total and Cu/Zn SOD and inhibition of CAT. The increase in SOD and decrease in CAT activity in response to excess supply of heavy metals has been widely reported Pandey and Sharma, 2002; Cho and Seo, 2005, Lombardi and Sebastiani, 2005) . The decrease in CAT could probably result from its inactivation on reaction with superoxide ions and this could impair efficacious detoxification of H 2 O 2 (Kono and Fridovich, 1982) . Cho and Seo (2005) reported that oxidative stress in response to Cd toxicity is due to H 2 O 2 accumulation. While Co, Ni, Cu, Zn and Cd each induced oxidative stress and consequential changes in the antioxidant enzyme activities, Co was next only to Ni in causing oxidative damage and being more effective in activating the antioxidative defense than Ni. Copper was inhibitory to CAT but relatively less effective in producing oxidative damage probably due to the fairly enhanced levels of carotenoids, Cu/Zn SOD, POD and GR.
In conclusion, the present findings affirm that, in common with other abiotic stresses excess intake of the heavy metals produce oxidative stress, and trigger antioxidative responses, but differ in their effectiveness to do so. At equimolar concentrations (500 µM), Ni induced the most severe visual toxicity effects and exhibited maximum oxidative damage as observed by accumulation of TBARS and lower antioxidant capacity than the plants exposed to Co, Cd, Cu and Zn. This was especially so in SOD and H 2 O 2 -eliminating enzymes (POD, CAT and APX) which showed lower activity in Ni excess plants. Further, the study suggests that the degree of oxidative damage may also be assessed by the manifestation of external visual toxicity effects both of which were found to be in the order Ni>Co>Cd>Cu>Zn.
